In this paper, a novel multi-band reduced sampling rate technique is proposed for power amplifier (PA) linearization system. It is used to enhance performance and reduce hardware costs in spectrum aggregation discontinuous broadband systems and compensate in-phase/quadrature (I/Q) imbalance in the multi-band case. During the feedback loop process of sampling rate, a band-limited filter is introduced, and the frequency band extrapolation is carried out so that the spectrum outside the limited band is compensated effectively. Theoretical analysis is performed to compare the proposed method and the conventional methods. To evaluate the performance of the proposed method, a broadband PA is excited by a tri-band signal composed of a 20 MHz long-term evolution (LTE) signal at 1.31 GHz, a 20 MHz 4-carrier wideband code division multiple access (WCDMA) signal at 2.49 GHz, and a 20 MHz 2-carrier WiMAX signal at 2.58 GHz respectively. The experimental results demonstrate that the normalized mean square error (NMSE) can get high accuracy less than −41 dB, with peak-to-average power ratio (PAPR) equaling 9 dB accompanied by a large reduction in sampling rate. Error vector magnitude (EVM) is 1% better than band-limited memory polynomial (MP) model and 2.3% better than conventional MP model.
T. Tian et al. proposed a concurrent tri-band DPD scheme based on dynamic deviation reduction (DDR) model, and the importance of out-of-band intermodulation components has been analyzed. Su et al. derived an even mode multi-band model and generalized to address IMD and cross-band modulation products located at the vicinity of the bands of interest [10] . In [11] , authors proposed a concurrent transmitter hardware architecture with band-limited sources and a multiple-input multiple-output (MIMO) digital nonlinear mitigation technique with sub-band Volterra.
For the low sampling rate techniques, C. Yu et al. proposed a band limited predistortion model based on Volterra series and a predistortion method with controllable frequency components [12] , [13] . For each basis function, a band limit function represented by a low-pass filter is introduced to ensure that the model bandwidth matches the PA output bandwidth. In order to achieve higher efficiency and reduce the spectrum acquisition range, the two methods sacrifice some linearity and retain some distortion in the output signal.
Mkadem et al. proposed multi-band complexity-reduced model algorithm for PA [14] . Guan et al. proposed a direct learning digital predistortion method for PA [15] . This method can reduce the sampling rate requirement of the analog-to-digital converter (ADC) on the feedback path. A modified gauss-newton iterative equation is derived by using a single branch feedback signal at a low rate.
The In-phase/quadrature (I/Q) imbalance of the transmitter directly affects the performance of the linearized circuit of the PA which results in the urgency to eliminate I/Q imbalance in the digital base-band. At present, there are two main methods to correct I/Q imbalance. One is to adopt a high-performance simulator, and the other is to estimate and correct I/Q imbalance in the digital domain by digital signal processing method. In [16] [17] [18] , a scheme of estimation and online positioning without pilot frequency was proposed to solve the problem of unbalanced frequency selection I/Q of multi-band and multi-standard of broadband direct frequency converter transmitter. Reference [19] eliminated the distortion caused by the frequency dependence imbalance between analog I channel and Q channel of direct conversion transmitter. Nassery et al. put forward a multi-step self-test technology that utilized self-mixing envelope detector to realize unbalanced and non-linear transmitter I/Q [20] , and designed test signals with linear state expressions.
Gandhi et al. proposed novel digital signal processing algorithms for linearizing PAs and correcting RF impairments in multi-standard, multi-mode, and multi-band wireless communication transceiver platforms [21] . They introduced an integrated transmit and receive digital signal processing solution which provides compensation for key RF system chain impairments. In 2017, Khan et al. proposed joint effects of I/Q imbalance and PA distortion for RF MIMO transmitters in the presence of crosstalk [22] . This paper discussed candidate models for the DPD of static I/Q imbalanced sources exciting a dynamic MIMO Volterra system.
In this paper, we propose a novel multi-band digital predistortion, which can achieve significant improvement of linearization property and reduce the sampling rate in the feed-back loop. The new I/Q compensation method is applied to the proposed multi-band DPD system. Meanwhile, without sacrificing the linearity and efficiency, both theoretical analysis and experimental results show that the non-continuous and aggregated carrier system can benefit a lot from it.
The remainder of this paper is organized as follows. In Section II, the tri-band model and band limited model are briefly introduced. In Section III, the proposed DPD architecture and multi-band limited extension (MBLE) model algorithm based on new gauss-seidel will be described in detail. Several interesting test cases along with experimental results are presented in Section IV and Section V. The conclusion is given in Section VI.
II. MODEL PREMISE A. TRI-BAND MODEL
If the multi-band system has three bands, the input signal can be given as equation (1).
where x i (t) (i = 1, 2, 3) presents the band i input signal and centered at the corresponding the three RF frequencies f i . The complex envelope of the pass-band signal x i (t) at the angular frequency ω i = 2πf i is given as:
Using the binomial expansion and grouping all the elements that lie around different frequencies, the results are shown as
From (3), it can be seen that, in addition to the fundamental frequency products, 2ω 2 − ω 1 , 2ω 1 − ω 2 and other cross-modulation products are also included. In the binomial expansion, we can only take the components away from the fundamental frequency, and other harmonic and cross modulation components should not be considered because they are far from the effective signal and can be filtered out.
B. BAND-LIMITED MODELING
The band limiting function is inserted into each valid output signal, and the appropriate form transformation is made to obtain the new DPD model, as shown in the following equation
where * represents the convolution, h mkgc,BLi (i = 1, 2, 3) are band-limited complex Volterra kernel of the band-limited model, and b i (i = 1, 2, 3) are the band-limiting function of the three bands, which are used to match the bandwidth of the captured signal. The band-limiting function can be implemented with a linear filter. The effective bandwidth can be selected according to the output bandwidth requirements of the system and designed in advance in the frequency domain. The Least Squares (LS) solutions of (4)-(6) are
where (·) H and (·) −1 denote the conjugate transpose and the inverse matrix respectively, h BLi are the coefficient matrix, X BLi are matrixes of band-limited input signals, and Y BLi are matrixes of output signals. Based on the above band-limited model, it is possible to compensate for the inside distortion of the filter's pass-band. In order to get a wider linear range, the band-limited signal will be continuously processed in the subsequent modules. In this structure, the PA output can be arbitrarily selective linearized according to user's demand. The bands to be linearized can be determined by the corresponding band selection module. The proposed method can be applied to multi-band systems with large intervals.
To achieve more flexibility as well as lower complexity and cost, a linearization band selection technique for multi-band signals is obtained as
where d 1 (n), d 2 (n) and d 3 (n) represent the band selection function for input signal. Band selection function can be realized by band-pass filter, corresponding to the frequency of each signal. The bands that need to be linearized can be selected by setting different d i (n) (i = 1, 2, 3). If the feedback signal is incompleted, it will lead to the uncontrollable result that happens outside the obtained spectrum region. This will deteriorate the linearization performance of the RF frontend system. 
III. OUR PROPOSED STRUCTURE AND MULTI-BAND LIMITED EXTENSION MODEL A. SYSTEM STRUCTURE
In CA system, three or more bands and the maximum frequency spacing are important factors to be considered in predistortion linearization. Take the tri-band linearization system as example, Fig. 1 shows the structure for proposed multi-band limited DPD algorithm with extended model iteration.
At the end of transmission, three input signals are upconverted to the corresponding frequency range, and low-pass filter functions are applied to limit their bandwidths. The band limited model is extracted with BPF in the feedback loop, and then the extracted coefficients are extended in full band by Gauss-Seidel algorithm.
B. EXTEND THE RANGE OF LINEARIZATION
In the case of tri-band, there are many out-of-band crossmodulation products, especially those located near the effective signal, which have to be alleviated because of their great influence on the quality of transmission. Considering the interference terms around the useful high-power signal, the whole tri-band model can be expressed as
where y BLi (n) (i = 1, 2, 3) are the band-limited output signal given in (4)- (6) . y E i (n) are the out-of-band distortion components near the useful signal band, and can be derived as
where
The high power level of sideband is an important reason for the obvious distortion effect. After getting band-limited results, the parameters h BLi combining the full-band input signal x i (n) can achieve the full-band output signal which is obtained as follows
where Y i is the output signal matrix which is composed by the full-band output signal of y i (n), and Y i = [y i (0), y i (1), . . . , y i (N − 1)] T . X i is the input signal matrix generated from the original full-band input signal x i (n). If the linearized bandwidth is required to be high, the distortion products outside the limited bandwidth should also be alleviated in the case of multi-band. The reason is that many outof-band IMD would be located around the useful signal, and the DPD performance will be greatly affected.
In order to take the exact parameters under the multi-band case of the extended band range, the modified Gauss-Seidel method is applied in this paper. Firstly, X i is split as
where A −1 i B i is iterative matrix of (11), (k = 0, 1, 2 . . .) representing the iteration number. Generally, the matrix X i can also be decomposed into three matrices as
where D i is non-singular diagonal matrix, L i and U i represent lower triangular and upper triangular matrix respectively. If the condition number of the coefficient matrix is large, the matrix is ill-conditioned for solving the equation, and there will be slow convergence or even no convergence. The following preconditioning methods are proposed to improve the above problems. After being left-multiplied invertible matrix P i at both ends, equation (11) is equivalently converted into preconditioned form as
where P i is the reversible pretreatment factor. In order to make the improved Gauss-Seidel method converge faster, we need to pre-select the pretreatment matrix P i . When the diagonal elements of X i are simplified to 1, the expression of P can be expressed as follows.
where λ n ∈ (0, 1], (∀n = 2, · · · , N − 1, N ), S λ_i is pretreatment lower triangular, I is identity matrix, and P λ_i is left multiplied by (11) , the result can be obtained as in (15) shown at the bottom of this page. Then we can apply (13) to obtain the coefficients in multiband case. The basic iteration form corresponding to (12) is (16) Similar methods are used to process other bands to obtain the final full band coefficients. In this way, the extended fullband distortion can be compensated and the linearization performance of the maximum bandwidth range can be obtained.
C. THE NON-OVERLAPPING SITUATIONS
In the case of tri-band in this paper, if the interval between each band is large enough, the intermodulation and harmonic products will be far away from the useful signal and have no influence on the system, because these products can
be filtered out. However, in traditional methods, harmonic and other distortion components need to meet the following conditions to avoid overlaping [7] . As mentioned above, we define that the angular frequencies of the three bands are ω 1 , ω 2 , and ω 3 respectively, and ω 3 > ω 2 > ω 1 . The frequency spacing between band1 and band2 is defined as δ 12 , and the frequency spacing between band2 and band3 is defined as δ 23 . It is assumed that the maximum bandwidth of the three bands is W max , and W max > 0. Due to the limitation of transmission bandwidth in a real communication, the frequency interval cannot increase indefinitely. We first explain the phenomenon and cause of spectral aliasing in this section. According to Nyquist's theorem, aliasing occurs obviously when the sampling frequency is less than 2 times the signal bandwidth. After PA amplification, harmonic components, intra-band intermodulation components, intermodulation components and cross-modulation components are generated in the output signal. Some of these components such as 2ω 1 , ω 2 + ω 1 − ω 3 , 2ω 3 − ω 2 , and 2ω 2 − ω 3 etc in the base band of interest will affect the linearization performance of PA or increase the modeling complexity.
In order to get a complete distortion component from the feedback loop and modeling more accurate, the output bandwidth is often required to reach 5-times the input bandwidth according to the theoretical basis of narrow band system. Therefore, the center frequencies of intermodulation and harmonic products should locate 5-times beyond the range of W max in the center of the three bands. In other words, the combination of the three bands should meet the follwing conditions: 1, 2, 3) , where β 1 , β 2 and β 3 are the possible combination coefficient of the three bands, and the range of their sum is 2 ≤ (β 1 + β 2 + β 3 ) ≤ 5, (β 1 , β 2 , β 3 ) ∈ {0, 1, 2, 3, 4, 5}. It also satisfies the relationship δ 12 ≥ 5W max , δ 23 ≥ 5W max , and
The coefficients of all possible values ω i (i = 1, 2, 3) are listed, duplicate and unqualified results are eliminated, as shown in (17) . In order to ensure that all lower than 5-order harmonic products and cross-modulation products of tri-band signal away from the basic band, the non-overlapping conditions need to be satisfied, and these distortion components can be removed by the filter. 23 , 2δ 12 , 2δ 23 , 2δ 12 + δ 23 , 2δ 12 + 2δ 23 / ∈ (r 4 ω 1 − 5W max , r 4 ω 1 + 5W max ), (r 4 = 1, 2) δ 23 − r 5 δ 12 / ∈ (r 6 ω 1 − 5W max , r 6 ω 1 + 5W max ), 2 ≤ r 5 ≤ 3, (r 5 − 1) ≤ r 6 ≤ 4.
If the system satisfies the condition that the multi-band does not overlap, we can verify whether the given tri-band signal can be properly linearized without considering the harmonic and cross-modulation distortion products. Nevertheless, the system does not meet the non-overlapping conditions, anti-aliasing method should be applied to deal with overlapping phenome-non to avoid serious distortion. 
D. I/Q COMPENSATION
In order to ensure the signal to be transmitted reliably, the nonlinear distortion and I/Q imbalance generated by the PA must be compensated effectively. Recent studies show that, the combination of two distortion compensation methods is more effective. The block diagram of tri-band system with I/Q compensation is shown in Fig. 2 . We suppose the tri-band complex baseband input signals at the three bands are x 1 (t), x 2 (t), x 3 (t), and can be given as x i (t) = I i (t)+jQ i (t), (i = 1, 2, 3), where I i (t) and Q i (t) are the in-phase and quadrature components. Then, each signal is modulated to their corresponding RF bands, and the RF bands are ω 1 , ω 2 , and ω 3 respectively. Signals with orthogonal modulation and up-conversion are shown as
whereĨ i (t) andQ i (t), (i = 1, 2, 3) are the in-phase and quadrature components of the input signal which after being modulated and up-converted. If the modulator is ideal, andĨ i (t),Q i (t), (i = 1, 2, 3) satisfy the following relation 1, 2, 3 ). In the actual communication system, however, the I/Q modulators are not ideal, and can be expressed in discrete time as follows.Ĩ
where c i1 and c i2 are the parameters related to gain imbalance G i , (i = 1, 2, 3), and the relationship between them is c i2 /c i1 = 10 (Gi/20) . In (21) and (22), α i1 and α i2 are the parameters related to phase imbalance. The overall broadband input signal x(t) is generated by combining three RF signals, and then it drives the broadband PA, resulting in pass-band output y 1 (t),ỹ 2 (t) andỹ 3 (t) respectively. Their discrete form of the expressions is shown below: (3)
where h
rd are the Volterra model coefficients of PA, ξ r,d,q r is the score for three input signals, and the expression is
The final output is shown as
In the case of tri-band, the computational complexity is increased with the further expansion of the model to characterize the cross-modulation effect. As shown in (27), the I/Q is devoted to compensate for the I/Q impairments generated in the two quadrature modulator tri-band behavioral model. Since each band signal needs to be transmitted to the channel through a separate I/Q modulator, the serious distortion caused by I/Q imbalance can be amplified in a multi-band system. I/Q defect of the concurrent multi-band transmitter is much greater than that of the single-band transmitter. Therefore, compensation for I/Q imbalance is more important in multi-band systems.
IV. EXPERIMENTAL ENVIRONMENT AND LINEARIZATION A. MULTI-BAND EXPERIMENTAL CONDITIONS
In this section, several tri-band scenarios with different frequency spacing are tested, and extensive band algorithm is assessed and compared with the conventional methods. In the first experiment, the device under test used for model validation is a class-F wideband PA. The peak output power of the PA is 30W, the compression point power of 1 dB at saturated output is P 1dB = 44dBm, V ds = 28V, V gs = −5V, and the frequency range is from 1.0 GHz to 3.0 GHz. The test bench is set up to be similar to that in [8] . The transmitter and feedback path apply indirect RF learning structure. All the necessary calculations and algorithms before digitalto-analog converter (DAC) and after ADC are carried out on the host personal computer (PC) by Matlab. In the binomial expansion of the tri-band input and output system, only the three fundamental frequencies (ω 1 , ω 2 , and ω 3 ) of input signal are set up for 3-D predistortion model, because other frequency components are far away from the effective signal and can be filtered. The frequency of each baseband signal is converted up to the corresponding RF frequency and then combined with a broadband synthesizer to send to PA. The output signal is captured by the vector signal analyzer (VSA) and the whole spectrum is obtained. In order to establish the amplifier behavior model, the three bands should be collected respectively. The signal is acquired in three steps, and each step corresponds to a frequency band. In actual broadband communication, the frequency interval of the transmitted signal cannot be extended indefinitely due to the limited bandwidth of the transmitter. The center frequencies of the tri-band signal are set as ω 1 = 1310 MHz, ω 2 = 2490 MHz, and ω 3 = 2580 MHz. After the tri-band input signal passes through the PA, its power spectral density (PSD) is tested at the output ends, and the results are shown in Fig. 3 . It can be seen from the results that the output signal not only contains three base-band frequency products, but also inter-modulation products, in-band intermodulation products, and cross-modulation products. In particular, the components closer to the base band frequency cannot be ignored in the modeling, because these products are high enough to affect the effective signal. If the bandwidth of ω 2 is 30 MHz, the 5-th order inter-harmonic cross modulation product will be covered in the middle band from 2445 MHz to 2530 MHz. Especially the spectrum extension on the right has entered near the primary frequency range of the third band ω 3 = 2595 MHz, which will affect its performance seriously.
The general non-overlapping condition of tri-band signal is an important contribution in this paper. It is significant to model the behavior of multi-band in discontinuous CA system.
The 
B. PRE-DISTORTION EFFECT OF RECEPTION SIGNAL
PSDs around the three bands are tested, and the spectrums obtained under different methods are compared. The results are shown in Fig. 4 . In this experiment, the pre-distortion VOLUME 7, 2019 effects of memory polynomial (MP) model, band limited MP (BL-MP) model, band divided (BD) model and proposed MBLE model are compared. The parameters of memory depth and nonlinear order of these models are set to M MP = 5, K MP = 9, M BL−MP = 7, K BL−MP = 9, M BD = 5, K MD = 7, M MBLE = 5, K MBLE = 7, respectively. In the feedback loop, we use cavity bandpass filters in the 80MHz and 100MHz passband ranges to limit the signal bandwidth, and each filter can operate at the corresponding central frequency. Fig. 4 (a) is the spectrum result of the central frequency at 1.31 GHz. It can be obtained from the analysis of the figure that the distortion is significantly relief after DPD being introduced.
Compared to the pre-distortion effects of several different models, we note that MP model has very little improvement, because the model bandwidth does not match the actual bandwidth, resulting in low modeling accuracy. BL-MP model only gets better effect in the band limited frequency range, and deteriorates rapidly outside the band limited area. The proposed MBLE model can suppress distortion well in the whole frequency band. ACPR is 14 dB better than MP model, and 4dB better than BD model while no complexity increases. Fig. 4 (b) shows the spectrum test results of the 4-carrier WCDMA signal with the center frequency at 2.49 GHz. Similarly, the proposed MBLE model has effectively suppressed the spectral distortion in the adjacent channels. Fig. 4 (c) shows the spectrum results of 2-carrier WiMAX signal in the third frequency band at the central frequency 2.58 GHz, the results are similar to Fig. 4 (a) 
C. THE RESULTS OF NMSE AND EVM
According to the tri-band limited and I/Q compensation model given in (27), the nonlinear order and memory depth are set as K a = 9, K b = 7, K c = 5, K a1 = 9, K b1 = 7, K c1 = 7, M a , M b and M c are all set to 5, L 1 = 5, L 2 = 3 respectively. The model accuracy of the proposed method is measured by the normalized mean square error (NMSE) [23] , the calculation expression of NMSE is shown in (28).
where y i meas (n) is the actual measurement output of signal, y i est (n) is the estimated output of the behavior model, (i = 1, 2, 3) is used to mark low band, medium band and high band, N is the number of elements. The test results of NMSE are shown in Fig 5. It can be seen that with the increase of bandwidth, the NMSE of the three bands reaches their optimum. Error vector magnitude (EVM) can be used to evaluate the in-band performance of the compensation algorithm. EVM is the vector difference between the ideal reference signal and the actual signal sent at a given time, including the amplitude error and phase error. The calculation formula of EVM is shown in (29), which is expressed as a percentage. Where S is the actual measurement vector of the signal, R is the reference vector, and RMS ( * ) represents the root mean square value. The test results of EVM are shown in Fig. 6 . Fig. 6 shows the EVM with different carriers iterating off-line. In the DPD model, the performance is improved by adapting to the device changes caused by different excitation signals. The triangular symbol represents the EVM performance of lower band, the circular symbol represents the result of middle band, and the square shape represents the result of upper band. The modulation mode adopted in the experimental test is 16 quadrature amplitude modulation (16QAM). It can be seen that the EVM performance of the proposed MBLE model is optimistic obviously. It is 1% better than BL-MP model and 2.3% better than conventional MP model when PAPR is 9dB.
We applied multi-band crest factor reduction (CFR) technology to reduce PAPR [24] . Input signals are defined as above, and S is defined as the peak clipping threshold. For the case of tri-band signals, peak clipping signal can be achieved by the following equation
If |x 1 (n)| + |x 2 (n)| + |x 3 (n)| > S, then
where x i,clipped (n) (i = 1, 2, 3) are peak clipping signals, PAPR was reduced from 11.3 dB to 9 dB by clipping with CFR technology. There was a small increase in EVM (about 0.6%) after peak clipping, but the study showed that this did not affect the overall performance.
V. SYSTEM EXPERIMENTAL CHARACTERISTICS A. SIGNAL NON-ALIASING AND THE EFFECTS
In order to verify the spectral characteristics of several methods under the condition of non-overlapping signals, a 40W GaN Doherty amplifier (V ds = 28V, V gs = −2.7V) is tested in this section, and the results are shown in Fig. 7 . The test results before and after DPD in three cases were displayed, and only case 3 satisfy the condition of no aliasing. The signal bandwidth of each band is set at 30 MHz, and the spectral results of the lower/middle/upper band are respectively observed, which are shown as the '0' frequency here. As shown in Fig. 7 , excellent suppression effect is obtained under the condition of non-overlapping bandwidth. However, linearization performance deteriorated prominently and significantly asymmetric under the condition of does not satisfy the non-superposition. This is because the cross-modulation and inter-modulation components are mixed together and are not effectively inhibited, PSD performance will decline by about 10 dB. Case 1 and case 2 are also tested and illustrated as important comparisons. Generally, the signal spacing is set to satisfy the non-aliasing condition. Although aliasing may causes serious distortion, we can also adopt some methods to reduce the influence of distortion.
B. I/Q COMPENSATION AND AMPLITUDE CHARACTERISTICS
In view of the existence of I/Q imbalance, this paper proposed a multi-band I/Q compensation method, and ascendant compensation effect is obtained. The comparative analysis results of I/Q compensation and pre-distortion performance are shown in Table I . The results of various parameters before and after DPD were analyzed. The predistortion performance of the traditional and proposed method was compared in detail. It can be seen that there is no significant change of the output power before and after predistortion. With the improvement of model precision, the number of model series decreases, the number of coefficients was reduced by 95 relative to the BD model. The value of ACPR, which represents the linearization performance, was also improved by 4.39dB.
The Amplitude/Amplitude modulation (AM/AM) and Amplitude/Phase modulation (AM/PM) characteristics represent the magnitude and the phase of the instantaneous gain measured using the modulated test signal. AM/AM and AM/PM are used to qualitatively characterize the input and output characteristics of the PA and its model. The characteristics of the power amplifier under test are shown in Fig. 8 and Fig. 9 respectively. Due to the inherent nonlinear and memory effects of PA, significant dispersion exists in the AM/AM and AM/PM characteristics for low input power levels. The dispersion is reduced as the input power level increases, and with the introduction of predistorter, the nonlinear and memory effects decrease obviously. AM/AM is close to linear relationship and there is almost no phase offset applied the proposed MBLE method.
VI. CONCLUSION
A new sampling rate reduction and I/Q imbalanced compensation method for tri-band or multi-band predistortion systems are proposed. This paper discusses that the tri-band predistortion is limited by the sampling rate of the feedback loop and puts forward higher requirements for the system. I/Q up-converter with low sampling rate is adopted to verify the I/Q imbalanced and nonlinear distortion compensation method of 1-3 GHz intermodulation multiband signals. The proposed algorithm is applied to preprocess the input signal which is formed by a 20 MHz LTE signal at 1.31 GHz, a 20 MHz 4-carrier WCDMA signal at 2.49 GHz, and a 20 MHz 2-carrier WiMAX signal at 2.58 GHz respectively. Then the processed signal was used to drive a broadband PA. The experimental results show that the proposed method can successfully establish DPD model under the condition of insufficient sampling, and improve the performance of multiband systems significantly, and is more cost effective.
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